The cell wails of barley (Hordeum vulgare var. Himalaya) aleurone layers undergo extensive degradation during the tissue's response to gibbereilic acid. Previous work had shown that these cell wails consist almost entirely of arabinoxylan. In this study we show that gibbereilic acid stimulates endo-fi-1,4-xylanase activity in isolated aleurone layers. In addition, gibbereilic acid enhances the activity of two glycosidases: /8-xylopyranosidase and a-arabinofuranosidase. No gibbereilic acid-stimulated ceilulase activity was detected. Germination studies showed a similar pattern of enzyme development in intact seeds.
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Aleurone layers of barley and other cereal grains respond to gibberellic acid by synthesizing and releasing a select group of hydrolases, including a-amylase, protease, ribonuclease, f8-1,3-glucanase, and phosphatase (14, 25) . These enzymes serve to solubilize the stored food reserves of the endosperm for use by the growing embryo. Hydrolase secretion is accompanied by the nearly complete autolysis of aleurone cell cytoplastic constitutents, as well as the thick cell walls (13, 16, 23) . Cell wall degradation may serve two separate functions: (a) to provide soluble carbohydrates for respiration; (b) to facilitate the release of secreted enzymes from the tissue. Varner and Mense (24) have shown that diffusion through the cell wall is the ratelimiting step in GA-stimulated hydrolase release. Using cytochemical techniques, Ashford and Jacobsen (1, 2) demonstrated that phosphatase accumulated in the cell walls during the early stages of the hormone response. Phosphatase release from the tissue was correlated with the appearance of digestion channels in the walls, through which the enzyme presumably drained into the medium. They concluded that cell wall hydrolases play a central role in "secretion" in barley aleurone layers.
Aleurone cell walls have recently been shown to consist almost entirely of arabinoxylan (85 %) with lesser amount of cellulose (8%) and protein (6%) (19) . The arabinoxylan has a linear ,3-1,4-xylan backbone, with 33% of the xylosyl residues substituted nonrandomly at the 2 and/or 3 position with single arabinofuranosyl groups (19) . Aleurone cell walls thus resemble starchy endosperm cell walls as characterized in wheat (17, 18) . This finding makes possible for the first time a detailed study of the enzymology of aleurone cell wall degradation. In this report we demonstrate that several enzymes which participate in the degradation of arabinoxylan are present in germinating seeds and that their activity is enhanced by gibberellic acid in isolated I This research was supported in part by Grant BMS75-03391 from the National Science Foundation to L.T. and by a grant from the Faculty Research Committee, University of California, Santa Cruz, to L.T.
2 Present address: Department of Molecular Biology, University of California, Irvine, Calif. 92664. aleurone layers. We also extend previous cytological studies to include scanning electron microscopy in order to monitor the physical degradation of the wall.
MATERIALS AND METHODS
Plant Material. Barley seeds (Hordeum vulgare L. cv. Himalaya, 1972 harvest) were either sown directly into moist Vermieulite or were surface sterilized for 25 min in 20 % Clorox, rinsed with sterile distilled H20, and sown on moist, sterile sand in 250-ml Erlenmeyer flasks. The seeds were germinated in a growth chamber at a photoperiod of 14 hr and a constant temperature of 25 C.
Isolated aleurone layers were prepared from imbibed halfseeds and treated with gibberellic acid by the procedure of Chrispeels and Varner (5) , with the exception that succinate buffer (20 mm, pH 5.2) was substituted for acetate buffer (6, 12) .
Enzyme Assays. At the end of the incubation period, the medium from the GA-treated aleurone layers was decanted into 12-ml conical centrifuge tubes. The layers were rinsed once with 3 ml of succinate buffer (20 mm, pH 5.2) containing 10 mM CaCl2, and the combined medium and washings were centrifuged at 3000g for 5 min. Extractable enzyme was prepared by grinding the aleurone layers to a paste with a small amount of sand in a mortar which had been previously rinsed with succinate-CaCl2 buffer. Five ml of the buffer were added and the homogenate was poured into centrifuge tubes and centrifuged as above. Germinating seeds were extracted in the same manner after first removing the embryos. The supernatants obtained were either used directly or were further treated by precipitation with cold ethanol as described by Taiz and Jones (23) Ray (22) . The spots were visualized by dipping in a silver nitrate-acetone solution followed by ethanolic KOH.
The substrate solution consisted of 0.075 % (w/v) purified xylan in 20 mm acetate buffer (pH 5.2) containing 20 mm CaCl2.
The suspension was first boiled for 1 min and allowed to cool to 37 C. To assay, 0.3 ml of the ethanol-or ammonium sulfateprecipitated enzyme was added to 1 ml of xylan, and the mixture was incubated at 37 for 45 min on a water bath shaker. The reducing sugars liberated were measured by the Nelson-Somogyi method as described by Taiz and Jones (23) . It was necessary to clear the final reaction mixture by centrifugation (5 min, 2000g) before reading the absorbance at 540 nm. Enzyme activity was expressed in equivalent concentrations of xylose.
The activities of 83-xylopyranosidase and a-arabinofuranosidase were measured using their respective p-nitrophenylglycoside derivatives. The p-nitrophenylxylopyranoside was purchased from Sigma Chemical Co. and the p-nitrophenylarabinofuranoside was synthesized according to the procedures of Borjeson et al. (4) and Fielding and Hough (9) . We obtained very low yields using this procedure and therefore resorted to a slight modification which eliminated the final time-consuming step and minimized our losses. Instead of fractionating the pyranoside and furanoside isomers on a silica gel column, the ethyl acetate extract was evaporated to 100 ml, boiled, and filtered. The precipitate remaining is enriched in the pyranoside isomer. The ethyl acetate solution was then evaporated to dryness, yielding a crystalline residue. This was recrystallized twice from acetone, yielding about 400 mg of a product with a melting point characteristic of p-nitrophenyl-a-L-furanoside (155-156 C) and which was shown by NMR analysis to contain the p-nitrophenyl group. The pyranoside isomer (m.p. 196-197 C) thus appears to be lost during the ethyl acetate precipitation and acetone recrystallization steps. Enzyme activity was measured by the procedure of English et al. (8) . One ml of enzyme solution, taken directly from the aleurone medium and extract supernatants, was added to 1 ml of glycoside solution (1 mg/ml in 0.1 M sodium acetate buffer, pH 5.2) and incubated for 1 hr at 27 C on a water bath shaker. The reaction was then terminated by the addition of 1 ml of 1 N NH40H containing 2 mm disodium EDTA. The samples were diluted with 1 ml of H20 before reading the absorbance at 400 nm. Enzyme activity was expressed as the molar concentration of liberatedp-nitrophenol.
The enzymes which hydrolyze p-nitrophenylglycoside derivatives are generally believed to be specific for oligosaccharides. We therefore examined the ability of barley aleurone enzymes to release free xylose and arabinose from native barley arabinoxylan. The arabinoxylan was prepared by the method of McNeil et al. (19) , and the assay procedure was basically that of Preece and MacDougal (21 was excised with a razor and plunged into liquid N2 in a mortar. After 5 min the seeds were fractured with a small chisel under liquid N2 and poured into a Vir-Tis lyophilizing vessel. Since even brief exposure to air resulted in drastic distortion of the cell walls it was necessary to maintain the seed fragments under liquid N2 until the moment before evacuation of the vessel. Lyophilization was carried out for 48 hr. The dried tissue was then mounted on copper studs with silver conducting paint and oriented such that only fractured surfaces were exposed. After gold-coating by vacuum evaporation the samples were observed in a JOELCO (JSM-2) scanning electron microscope under an electron beam of 25 kv accelerating voltage.
RESULTS
Enzyme Assay. A variety of assays were performed to test for the presence of arabinoxylan-degrading enzymes. "Total xylanase" activity was assayed by a reducing group method using commercial /3-1,4-xylan as substrate. Although the xylan was repurified before use, acid hydrolysis and chromatography indicated the persistence of a trace amount of glucan. Reducing groups liberated from this substrate in an enzyme assay could thus be due to the activity of glucanase rather than to xylanase. That xylanases are the principal enzymes involved was shown by chromatographing the products of a reaction that had been allowed to proceed for 24 hr in the presence of thymol. Xylose was the major product of enzymolysis.
A typical time course for the production and release of total xylanase is shown in Figure 1 . The kinetics for the release of enzyme into the medium is similar to a-amylase. Unlike aamylase, about one-half of the total activity is extractable from the tissue for the first 30 hr of hormone treatment, after which there is a dramatic increase in the activity in the medium and a concomitant decrease in the extractable activity. It is clear that gibberellic acid causes a substantial increase (>7-fold) in total xylanase levels.
The time course for the GA stimulation of xylopyranosidase is shown in Figure 2 . Again, the release of this enzyme closely parallels the release of a-amylase. A significant amount of activity is present in the tissue at time zero, and the level remains fairly constant until the latter stages of the hormone response, when a decrease occurs. In general, the xylopyranosidase curve is similar to the total xylanase curve. Gibberellic acid causes a 12-fold increase in the release of this enzyme and a 3.5-fold increase in its total activity.
Arabinofuranosidase exhibits a somewhat different pattern of cr GA stimulation (Fig. 3) . There is a 24-hr lag period prior to enzyme release and the majority of the activity is found in the tissue extract. In contrast to xylopyranosidase, GA causes only a 2-fold stimulation of total arabinofuranosidase. However, the total activity is greater than xylopyranosidase when assayed under identical conditions using their respective p-nitrophenyl substrates. The ability of barley aleurone enzymes to release free xylose and arabinose from native arabinoxylan was also examined. Preliminary experiments had shown that detectable amounts of monosaccharides were not released during the first 6 to 10 hr of enzyme digestion, although reducing groups increased up to 20-fold. This suggested that the xylose-and arabinose-releasing enzymes are not exoenzymes, acting directly on the polymer, but are glycosidases which degrade the oligomers produced by the prior action of an endoenzyme. Since at least three enzymes are being assayed simultaneously in this reaction, linear kinetics are not expected. Nevertheless, it was possible to observe a GAstimulated increase in xylose-and arabinose-releasing enzyme activity (Table I) , although the magnitude of the increase must be viewed with some caution due to the nonlinear kinetics of the assay. Consistent with the results obtained with the p-nitrophenylglycosides, arabinose-releasing activity exceeded xylose-releasing activity in the extractable fraction.
The presence of an endoxylanase was determined using solutions of native arabinoxylan as substrate. Gibberellic acid causes a 12-fold increase in endoxylanase activity, as shown in Figure 4 . A 24-hr lag period precedes the release of endoxylanase into the medium, similar to arabinosidase. Most of the GA-stimulated increase in total endoxylanase activity occurs in the extractable fraction between 24 and 34 hr. In separate experiments the time course beyond 34 hr was examined. The release of endoxylanase peaks at 48 hr, at which time the medium and extract levels are about equal (data not shown).
In order to assess the contribution of exoenzymes to the viscosity reduction assay the reaction products were fractionated by gel filtration chromatography on Bio-Gel P-150 and Sepharose 4B-200. In Figure 5 the elution profile of the undigested substrate (Fig. 5a ) is compared with that of substrate which had undergone a 60% reduction in viscosity (Fig. 5b) . After a 60% reduction in viscosity there is a decrease in the high mol wt peak and an increase in the intermediate mol wt range, but little or no increase in the low mol wt range (maltose). When the reaction is allowed to go to completion, large increases occur in the low mol wt range, as shown in Figure 6 . After 48 hr of digestion there is a single major peak in the monoand disaccharide range (Fig. 6b) . These data confirm that endoxylanase, rather than exoxylanase, is responsible for the reduction in viscosity of the substrate. Exoenzymes evidently do not participate in the initial degradation of barly arabinoxylan in vitro.
Isolated aleurone layers failed to produce any detectable cellulase activity in the medium or extractable fractions over a 40-hr period either in the presence or absence of the hormone. While an occasional flask was found with cellulase activity in the medium, such isolated cases were not associated with a particular treatment. Upon closer inspection these were always found to be contaminated. It is concluded that there is no evidence for a GA stimulated cellulase in barley aleurone layers.
Germination. During imbibition of whole seeds on sterile sand the increase in arabinoxylan hydrolases in the endosperm roughly parallels that of a-amylase. Thus, the levels of extractable xylopyranosidase, arabinofuranosidase, and endoxylanase rise dramatically between the 2nd and 4th day of germination (Fig. 7) . The peak on the 4th or 5th day may be followed by a plateau phase or a gradual decline. All the hydrolases decline during the latter phases of germination. The activity of xylopyranosidase relative to arabinofuranosidase was much greater in the intact seed compared to isolated aleurone layers. In addition, the activity of endoxylanase did not exhibit the sharp drop in the latter stages, as did the other hydrolases. The increase in the activity of the arabinoxylan hydrolases precedes the first scanning electron microscopy-visible cell wall breakdown by several During germination on Vermiculite aleurone cell walls are progressively broken down. The precise rate of degradation differs from seed to seed and in different regions of the same seed. It is only possible to identify characteristic stages with a range +2 days. Figure 8B illustrates a 1-to 5-day germinated aleurone layer. At this early stage the cell walls are intact, with no visible signs of degradation. An intermediate stage in cell wall autolysis is seen in 5-to 9-day germinated tissue (Fig. 8C) . Large intercellular spaces are apparent between some of the cells. Dramatic wall breakdown has occurred by 9 to 13 days of germination (Fig. 8D) . The cell walls are drastically reduced in thickness and intercellular spaces are so large that adjacent cells have almost completely separated from each other. A similar sequence of events occurs when de-embryonated halfseeds are treated with gibberellic acid over a 48-hr period (micrographs not shown).
DISCUSSION
Three arbinoxylan-degrading enzymes-endoxylanase, arabinosidase, and xylosidase-increase in total activity and are released into the medium in response to gibberellic acid. Of these, only endoxylanase would be expected to degrade the intact polymer. The value for the mol wt of the polymer obtained on Sepharose 4B-200 (=8 x 10a to =106) agrees well with the value obtained by Fincher and Stone (10, 11) for wheat endosperm arabinoxylan (='7 x 104 to =106). The initial products of enzymolysis are of intermediate mol wt, with low mol wt products appearing only after prolonged digestion. There is no evidence for the participation of exoenzymes in the initial stages of the reaction, although their presence was not ruled out. A plausible model for the in vitro enzymolysis of arabinoxylan might thus entail degradation by endoxylanase to produce oligosaccharides, followed by glycosidase action to produce monosaccharides.
The relationship between endoxylanase activity and the in vivo GA-stimulated cell wall degradation is at present unresolved. Although significant cell wall breakdown occurs by 14 to 16 hr of GA treatment (24), the release of endoxylanase into the medium is delayed for 20 to 24 hr. This discrepancy could indicate that an enzyme other than endoxylanase is responsible for early cell wall hydrolysis. Our results, at least, tend to rule out cellulase involvement. Alternatively, the endoxylanase activity which increases in the tissue extract between 12 and 24 hr may actually be localized in the cell wall. Acid phosphatase, peroxidase, and esterase, all of which show a GA-dependent release from the tissue, are known to accumulate in the cell wall prior to their release into the medium (1, 2) . Release of these enzymes is facilitated by cell wall digestion. If endoxylanase can form an enzyme-substrate complex with the wall, its release into the medium would be further delayed. However, it has not yet been demonstrated that purified endoxylanase does, in fact, degrade intact cell walls.
It was initially assumed that purified 18-1,4-xylan would serve as a substrate for endoxylanase, exoxylanase, and (indirectly) xylopyranosidase. However, an examination of the kinetics for the GA-stimulated release of total xylanase suggests a much closer resemblance to xylosidase than to endoxylanase. This may reflect a relative inability of endoxylanase to degrade purified ,B-1,4-xylan. The fact that this substrate is largely in the form of an insoluble suspension may explain this inability. Alternatively, the soluble xylan may consist of very short chains which are rapidly reduced to oligosaccharides by endoxylanase. In this case the substrate would be specific for xylosidase during most of the reaction time.
During germination the increase in the arabinoxylan hydrolases parallels that of a-amylase. In agreement with Jones and Armstrong (15) a peak of activity occurred on the 4th and 5th day followed by a plateau. In contrast to the situation in isolated aleurone layers, the level of xylopyranosidase exceeded that of arabinofuranosidase. Observations by scanning electron microscope showed the most severe degradation of the aleurone wall occurring at the 9 to 13 day stage of germination. The fact that endoxylanase activity persists during this latter stage is consistent with its role as a wall hydrolase.
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